The therapeutic effects of chronic selective serotonin reuptake inhibitors (SSRIs) are well documented, yet the elementary behavioral processes that are affected by such treatment have not been fully investigated. We report here the effects of chronic fluoxetine treatment and genetic deletion of the serotonin transporter (SERT) on food reinforced behavior in three paradigms: the progressive ratio operant task, the concurrent choice operant task, and the Pavlovian-to-Instrumental transfer task. We consistently find that chronic pharmacological blockade or genetic deletion of SERT result in similar behavioral consequences: reduced operant responding for natural reward. This is in line with previous studies reporting declines in operant responding for drugs and intracranial self-stimulation with fluoxetine treatment, suggesting that the effect of SERT blockade can be generalized to different reward types. Detailed analyses of behavioral parameters indicate that this reduction in operant responding affect both goal-directed and non-goal-directed behaviors without affecting the Pavlovian cue-triggered excessive operant responding. In addition, both pharmacological and genetic manipulations reduce locomotor activity in the open field novel environment. Our data contrast with the effect of dopamine in increasing operant responding for natural reward specifically in goal-directed behaviors and in increasing Pavlovian cue-triggered excessive operant responding. Serotonin and dopamine have been proposed to serve opposing functions in motivational processes. Our data suggest that their interactions do not result in simple opponency. The fact that pharmacological blockade and genetic deletion of SERT have similar behavioral consequences reinforces the utility of the SERT null mice for investigation of the mechanisms underlying chronic SSRIs treatment.
INTRODUCTION
Selective serotonin reuptake inhibitors (SSRIs) are the most frequently prescribed antidepressants; they display therapeutic effects when used chronically, but not acutely. The main site of action of SSRIs is thought to be the serotonin transporter (SERT), which is responsible for reuptake and recycling of released serotonin (Hirschfeld, 2000; Owens, 2004) . Blockade of SERT by SSRIs and the resultant elevation in extracellular serotonin levels are thought to mediate the therapeutic effects of SSRIs (Bergqvist et al, 1999; Cryan et al, 2005) . Yet the underlying neurobiological mechanisms and elementary behavioral processes associated with SSRIs' apparent therapeutic or side effects have not been fully investigated.
One of the elementary behavioral processes that might be affected by SSRIs is motivation, which can be operationally defined as an animal's willingness to expend energy to obtain a reward or avoid punishment. Many studies have investigated the effects of SSRIs on operant responses in intracranial self-stimulation (ICSS) or drug self-administration paradigms. The most consistent finding was that SSRIs reduced responding for these reinforcers, or shifted it in ways that indicated reductions in motivation (Carroll et al, 1990; Richardson and Roberts, 1991; Tella, 1995; Lee and Kornetsky, 1998; Wilson et al, 2000; ). However, there are limited studies that examine the influence of SSRIs on responding for natural rewards such as food. Studies that use natural rewards have mostly focused on the role of serotonin in impulsivity (Bizot et al, 1999; Joel et al, 2004; Winstanley et al, 2004 ) rather than on motivation or reinforcement learning processes.
In addition to SERT pharmacologic blockade, mice with a genetic deletion of the SERT have been generated. They display molecular changes similar to those observed with chronic SSRI treatment, although to a significantly greater magnitude (Bengel et al, 1998; Sora et al, 1998; Lira et al, 2003) . Studies on the involvement of serotonin in reinforced behavior in SERT-deficient mice are also mainly limited to the context of drug use. Cocaine-induced place preference is maintained in SERT-deficient mice (Sora et al, 1998) . These mice are also anxious, hypoactive and less aggressive (Holmes et al, 2002a (Holmes et al, , b, 2003a Ansorge et al, 2004) . However, little is known about the effects of SERT deletion on responses for natural reward.
We report here the effects of chronic fluoxetine treatment and genetic deletion of the SERT on food-reinforced behavior in three paradigms: first, the progressive ratio operant task (PR), which tests the amount of work an animal is willing to perform for food reward (Hodos, 1961) ; second, the concurrent food choice operant task, which allows a more careful analysis of effort expended to obtain a preferred reward ; and third, the Pavlovian-to-Instrumental transfer task (PIT), which examines the ability of Pavlovian conditioned cues that predict reward to enhance operant responding (Wyvell and Berridge, 2000) . Our results indicate that both fluoxetine treatment and SERT gene deletion reduce operant responding for natural reward as well as a generalized reduction in motor output.
MATERIALS AND METHODS

Animals
All animals were group-housed (4-5 /cage) in a temperature-and humidity-controlled (251C) barrier facility, with lights on/off at 0600/1800 h. All testing was conducted during the light phase with the exception of wheel running activity which is tested continuously for 2 weeks. All animal procedures were approved by the Institutional Animal Care and Use Committee at The University of Chicago.
SERT null mice were generated by insertion of the Cre recombinase cDNA and polyA into the 5 0 -UTR of SERT genomic DNA. The generation and use of this line as a tissue-specific Cre recombinase expression line was described elsewhere (Zhuang et al, 2005) . Insertion of Cre resulted in the complete absence of SERT mRNA and protein, which was confirmed by in situ hybridization and ligand binding autoradiography respectively (not shown). These mice were originally generated on a 129SvJ background, and were subsequently crossed to C57BL6/J for four generations. All SERT null and wild-type (WT) mice were generated by breeding heterozygotes, thus permitting the use of littermate controls. The same group of SERT null and WT (N ¼ 12 per genotype, equal number of males and females) mice were used for progressive ratio and for the concurrent choice task. A different group (N ¼ 12 per genotype, equal number of males and females) was used for the Pavlovian to Instrumental Transfer task (PIT).
The fluoxetine experiments utilized all male C57BL/6J mice (ordered from the Jackson Laboratory). A first group of mice (N ¼ 12 per treatment) was used for the progressive ratio sated condition. A second independent group (N ¼ 12 per treatment) was used for the progressive ratio fooddeprived condition. A third independent group (N ¼ 12 per treatment) was used for PIT and subsequently for the concurrent choice task.
The above animal numbers reflect the total number of animals with which we began the experiment; due to deaths during the lengthy experiment or failure to learn operant tasks, the actual numbers as reflected in figure legends may be slightly different.
Drugs
Fluoxetine hydrochloride (generously provided by NIMH) was dissolved in dH 2 O and administered at a dose of 10 mg/ kg, in a volume of 0.1 ml/10 g body weight. IP injections of either fluoxetine or 0.9% saline were given after the daily behavioral sessions, to ensure that chronic rather than acute drug effects were examined, with the exception of the first dose, which was administered before the daily behavioral session.
Progressive ratio data collection started at the beginning of fluoxetine treatment and lasted for 3 weeks. As the same treatment effect was seen throughout the 3 weeks, all 3 weeks were used in data analysis. For PIT, mice had been treated with daily fluoxetine for 2 weeks before Pavlovian training, which continued throughout the experiment. For the concurrent choice task, which was conducted after PIT in the same group of animals, mice had been treated with fluoxetine for 8 weeks before the experiment, which continued throughout the experiment. Body weights were taken during the progressive ratio sated condition after 3 weeks of fluoxetine treatment. Open-field locomotor activity was measured after completion of progressive ratio experiments (after 3-4 weeks of fluoxetine treatment, as indicated below).
Progressive Ratio Operant Task
The progressive ratio (PR) operant task was conducted in six mouse operant conditioning chambers with two retractable levers on either side of the feeder, a house light, two signal lights above the levers, and a feeder with photobeam (Med Associates, St Albans, VT). All mice were maintained at 85-90% of their free-feeding body weight except during the food-sated testing condition. Mice were given five 45-min sessions per week, and were trained as follows: 2 days of magazine training in which one pellet was delivered with a variable interval of 30 s that was independent of the animal's responses, followed by fixedratio 1 (FR1) sessions until animals reached criteria of 30 or more lever presses over 2 consecutive days. When all animals acquired lever pressing on an FR1 schedule, which took varying lengths of time, a final FR1 session was given to all animals, and progressive ratio testing commenced. An inactive lever was used to control for nonspecific activity. Food-sated animals were run on a PR3 schedule (increment by three lever presses after each reward); food-deprived, a PR5 schedule (increment by five lever presses after each reward). Breakpoint was defined either as the last ratio completed in the 45-min session, or the last ratio completed before the animal stopped lever pressing for 5 min (which terminated the session). The two fluoxetine progressive ratio experiments (food-sated and food-deprived) therefore each involved two phases: 3 weeks of baseline progressive ratio sessions, followed by 3 weeks of treated progressive ratio sessions in either food-deprived or food-sated conditions.
Pavlovian to Instrumental Transfer
These sessions were adapted from the protocol published by Wyvell and Berridge (2000) . Animals were maintained at 85-90% of their free-feeding body weight. Animals were trained with 30-min sessions of variable interval (VI) schedules, which were increased from VI 10 s (VI10) to VI30. Once the VI30 schedule was reached, baseline measurements were taken for 2 weeks. Two control sessions were then given before commencement of Pavlovian training sessions. The control sessions consisted of the normal VI30 session run in the dark, with a light randomly activated for 30 s, five times during the session. Control sessions were to examine the possibility that any observed response rate changes during light presentation was to a non-specific effect of light. Mice were then given 10 Pavlovian conditioning sessions, with no levers present. The Pavlovian cue was identical to the cue used during the control sessions and was presented 10 times randomly distributed in the 30-min session. The cue concluded with delivery of a food pellet. Following the 10 Pavlovian sessions (a total of 100 light-food parings), animals were given two normal VI30 sessions to restore lever-pressing behavior. Four test sessions were then conducted under extinction conditions. Test sessions contained five 30 s periods of illumination of the Pavlovian light cue which were randomly distributed in the 30 min session. Analysis consisted of comparison of the press rate during the 2.5 min before the light was illuminated (baseline) relative to the press rate during the 2.5 min of illumination. Data are presented as enhancement ratio: 'presses during light/ (presses during baseline + presses during light).' An enhancement ratio greater than 0.5 indicates lever pressing is enhanced by the cue.
The Concurrent Food Choice Operant Task
This behavioral paradigm was adapted from . The concurrent choice task was carried out following the PIT sessions (see above). Animals were trained to lever press as discussed above under PIT, and maintained at 85-90% of their free-feeding body weight. The task consisted of five 30-min FR 20 (for the fluoxetine vs saline experiment) or FR 30 (for the SERT null vs WT mice experiment) sessions. During 3 of these sessions (on alternate days), regular rodent chow was available in the operant chambers along with the operant levers ('choice' condition). The other 2 days were the 'no choice' condition, in which rodent chow was not available, and food could be obtained only by lever pressing. 
Open Field Locomotor Activity
Home Cage Wheel Running Activity
Mice were singly housed each with a 4.5-inch wire mesh wheel (Pets International, Ltd). Two counterbalanced magnets (Digi-key) were attached to the wheel. The wheel was situated in the cage such that a magnetic switch closes (Digi-key) at every pass of a magnet. Data were collected using Vitalview acquisition software, QA-4 activity input modules and DP-24 data ports (Mini-mitter). Data were collected every 5 min for 2 weeks. The total number of bouts in 2 weeks, the average revolutions per bout, and the average wheel running speed were recorded. A bout was defined as consecutive minutes where the mouse turned the wheel minimally 2.5 complete revolutions.
Data Analysis
Data were analyzed using StatView 5.0.1. Independent twotailed Student t-test was used when genotype or treatment was the only grouping variable. ANOVA was used when additional factors were considered. Repeated measures ANOVA was used when data were collected in multiple trials.
RESULTS
Blockade or Deletion of SERT Reduced Operant Responding for Food Reward
We measured the break point in the progressive ratio operant task, which is considered to be an index of how hard the animal is willing to work for rewards (Hodos, 1961) . Overall, SERT null mice had lower break points, indicating a reduced motivation to work for reward. This was true for both food-deprived (genotype effect in repeated measures ANOVA, Figure 1a Similarly, fluoxetine treatment caused a significant decrease in break point in the progressive ratio operant task, which was present regardless of feeding state (treatment effect in repeated measures ANOVA, Figure 1c , F(1,21) ¼ 4.9, po0.05 for food-deprived and Figure 1d , F(1,22) ¼ 6.4, po0.05 for food-sated conditions).
To examine food-motivated behavior in more detail, we subjected food-deprived animals to the concurrent food choice operant task, in which animals could lever-press for a preferred reward, or eat standard rodent chow that was freely available in the operant chamber. SERT null mice displayed significantly lower operant responding during 'no choice' days (genotype effect in repeated measures ANOVA, In addition to unaffected food consumption in the above experiments, we did not observe changes in body weight in SERT null mice (genotype effect in two-way ANOVA, Figure 3a , F(1,18) ¼ 0.74, p40.3) or after chronic fluoxetine treatment (treatment effect in unpaired t-test, Figure 3b , t(22) ¼ 1.3, p40.2), further reinforcing the conclusion that reduced operant responding for food reward was not due to appetite suppression in the SERT null or fluoxetine-treated mice.
Blockade or Deletion of SERT did not Affect Pavlovian-to-Instrumental Transfer
We used the PIT to examine the ability of Pavlovian conditioned cues that predict reward to energize operant responding. There was a clear enhancement effect of the Pavlovian cue on responding in both SERT null and WT 
Blockade or Deletion of SERT Reduced Non-Goal-Directed Responses
In the progressive ratio operant task, we used the inactive control lever to monitor non-goal-directed responses. The absolute level of control lever presses compared to active lever presses was very low in most animals. SERT null mice responded significantly less on the inactive lever in the food-sated (genotype effect in repeated measures ANOVA, We further investigated the possibility of activity reduction in SERT-null and fluoxetine-treated mice by using lowlit (25 lux) open field locomotor activity boxes. SERT null mice displayed significantly reduced locomotor activity in both food-deprived (genotype effect in unpaired t-tests As locomotor activities in the open field often reflect an animal's reactivity to the novel environment, we examined home cage wheel running activities of SERT null and WT control mice continuously for 2 weeks. There is no significant difference between genotypes in total number of bouts (genotype effect in ANOVA, Figure 7a To examine further whether a motor impairment might contribute to the behavioral phenotypes of SERT null and fluoxetine-treated mice, we analyzed the proportion of progressive ratio responses that had very short interresponse times (IRTs). This analysis did not reveal any 
DISCUSSION
In the present study, we consistently find that chronic pharmacological blockade and genetic deletion of SERT result in similar behavioral consequences: either manipulation reduces operant responding for natural reward. Reduced operant responding for food reward in mice treated chronically with fluoxetine and in SERT null mice is in line with previous studies reporting declines in responding for drug, alcohol, and intracranial self-stimulation with fluoxetine treatment (Carroll et al, 1990; Hubbell et al, 1991; Richardson and Roberts, 1991; Lee and Kornetsky, 1998; Wilson et al, 2000; Baker et al, 2001; Glatz et al, 2002) , suggesting that although previous studies examined nonnatural rewards, the effect of fluoxetine can be generalized to different reward types. The reduction in operant responding after chronic pharmacological blockade or genetic deletion of SERT is not specific for goal-directed responses. To gain additional insight into changes seen with SERT blockade or deletion, it is most relevant to compare these data with the consequences of dopaminergic manipulations. The effects of such manipulations on motivated behaviors have been well characterized. Blockade of dopaminergic receptors leads to reduced operant responding for natural reward. 
5-HT reduces operant responding for reward AC Sanders et al
However, such reduction is more specific for goal-directed behavior. In the progressive ratio task utilizing natural reward, dopamine antagonists only reduce operant responding on the active lever, not the inactive one, and only when animals are food deprived (Aberman et al, 1998; Hamill et al, 1999) . In the concurrent food choice task, a similar reduction in responding is only seen in the 'choice' condition, not the 'no choice' condition Cousins et al, , 1996 Salamone et al, 1995 Salamone et al, , 2001 Salamone et al, , 2002 Sokolowski and Salamone, 1998; Aberman and Salamone, 1999; Nowend et al, 2001; Correa et al, 2002; Ishiwari et al, 2004; Mingote et al, 2005) , suggesting that the role of dopamine becomes important when the task requires the ability to increase effort. Similarly, previous work in our laboratory utilizing genetic repression of dopamine transporter (DAT) expression (which elevates extracellular dopamine levels) has demonstrated increased operant responding for food reward in the progressive ratio task only on the active lever and only when food-deprived (Cagniard et al, 2006) . Moreover, increased operant responding for food reward in these mice is seen in the concurrent food choice task only in the 'choice' condition, not in the 'no choice' condition (Cagniard et al, 2006) . In direct contrast, chronic pharmacological blockade or genetic deletion of the SERT reduces operant responding on active as well as inactive levers, it is seen in both fooddeprived and food-sated conditions, and it affects operant responding in both 'choice' and 'no choice' conditions. Moreover, we specifically examined the incentive motivational effect of the Pavlovian conditioned cue to increase operant responding in PIT. It has been reported that nucleus accumbens infusion of amphetamine enhances the incentive motivational effect of the Pavlovian conditioned cue, presumably owing to increases in dopaminergic activity (Wyvell and Berridge, 2000) . In contrast, we found that SERT blockade or deletion had no effect in the PIT task, suggesting, first that our SERT manipulation does not affect animals' ability to learn the Pavlovian association, and second, that this manipulation does not specifically affect the incentive motivational properties of the light cue. A number of empirical studies and computational models have suggested that serotonin and dopamine have opposing functions in motivational processes (Cameron and Williams, 1995; Luciana et al, 1998; Gainetdinov et al, 1999; Daw et al, 2002) . Even though elevated serotonergic activity appears to reduce operant responding as elevated dopaminergic activity appears to enhance operant responding for natural rewards, our careful experimental design and data analyses suggest that the motivational opponency view of dopamine and serotonin function is oversimplified. Dopamine and serotonin obviously affect different behavioral processes that modulate motivation in different ways. It is also worth pointing out that in certain paradigms, such as cocaine-induced hyperlocomotion, dopamine and serotonin may even act synergistically (Bubar et al, 2003) .
It has been suggested that SERT deletion may result in motor impairment (Holmes et al, 2002b) . Our data suggest that SERT null mice have a generalized reduction in motor output or a reduction in response vigor in a novel or challenging environment. In both the open field (a novel environment) and the operant box (in which lever presses may yield potential food reward), SERT null mice have significantly lower responses than the WT control mice. However, in home cage environment, they do not have lower wheel running activities than their WT controls. The lower operant responses of SERT null mice are not owing to reduced fast responses. In the progressive ratio operant task, the proportion of progressive ratio responses that have very short inter-response times did not differ between SERT null and WT control mice.
Another potential confound that could complicate interpretation of our data is appetite. Reduced appetite could potentially explain reduced operant responding for food reward in SERT null and in fluoxetine treated mice. Fluoxetine, like the serotonin releaser fenfluramine, is an appetite suppressant and can cause clinically significant weight loss in humans, although it is not currently used clinically as a weight-loss agent (Halford et al, 2005; Ioannides-Demos et al, 2005) . However, in the concurrent choice operant task, neither the total food intake nor the rodent chow intake was significantly affected by SERT deletion or blockade. This contrasts with published studies using the same paradigm and showed the effect of fenfluramine in reducing both lever pressing and chow consumption . Moreover, body weight was not affected by either manipulation in our study. Therefore, appetite is unlikely to contribute significantly to the reductions in operant responding we observed.
The present study details for the first time the effects of both chronic SSRI treatment and constitutive SERT deletion on food-reinforced behavior. The fact that pharmacological blockade and genetic deletion of SERT result in similar changes in almost all the parameters that we examined in different behavioral tasks reinforces the utility of the SERT null line for investigation of the mechanisms underlying chronic SSRI treatment, despite the complete loss of SERT activity throughout development and adulthood in SERT null mice. The present study also highlights the importance of understanding the interactions between the serotonin and dopamine systems in both the study of depression and the mechanisms that mediate the therapeutic effects of antidepressants.
